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Abstract Objective: We investigated whether the oral
administration of a low dose (75 lg) of midazolam, a
CYP3A probe, can be used tomeasure the in vivoCYP3A
activity.
Methods: Plasma concentrations of midazolam, 1¢OH-
midazolamand4¢OH-midazolamweremeasured after the
oral administration of 7.5 mg and 75 lg midazolam in 13
healthy subjects without medication, in four subjects
pretreated for 2 days with ketoconazole (200 mg b.i.d.), a
CYP3A inhibitor, and in four subjects pretreated for
4 days with rifampicin (450 mg q.d.), a CYP3A inducer.
Results: After oral administration of 75 lg midazolam,
the 30-min total (unconjugated + conjugated) 1¢OH-
midazolam/midazolam ratios measured in the groups
without co-medication, with ketoconazole and with rif-
ampicin were (mean±SD): 6.23±2.61, 0.79±0.39 and
56.1±12.4, respectively. No side eﬀects were reported by
the subjects taking this low dose of midazolam. Good
correlations were observed between the 30-min total
1¢OH-midazolam/midazolam ratio and midazolam
clearance in the group without co-medication (r2=0.64,
P<0.001) and in the three groups taken together
(r2=0.91, P<0.0001). Good correlations were also
observed between midazolam plasma levels and mid-
azolam clearance, measured between 1.5 h and 4 h.
Conclusion: A low oral dose of midazolam can be used to
phenotype CYP3A, either by the determination of total
1¢OH-midazolam/midazolam ratios at 30 min or by the
determination of midazolam plasma levels between 1.5 h
and 4 h after its administration.
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Introduction
Because of its abundance in the intestine and liver,
CYP3A, a term that in adults reﬂects the collective
activity of CYP3A4 and CYP3A5, plays a central role in
the metabolism of a wide variety of therapeutic com-
pounds [1]. Considering the large inter-individual and
intra-individual variability in CYP3A activity, a method
allowing the assessment of its activity in vivo is valuable.
Several methods for phenotyping CYP3A activity have
been proposed that include the administration of mi-
dazolam (MID), 14C-labelled erythromycin, dapsone,
alfentanil, nifedipine or lidocaine, or that measure the
hydroxylation of endogenous cortisol (for a review see
[1, 2, 3]). The most widely accepted and tested probes
are erythromycin and MID [1, 2, 3], both of which have
their own advantages and limits. The erythromycin
breath test involves the administration of a 14C isotope
of the drug, it does not measure the activity of the iso-
zyme CYP3A5, and as it is given IV, intestinal CYP3A
activity cannot be assessed [1, 2]. In contrast, MID is a
substrate of both CYP3A4 and CYP3A5 [1, 2, 3], and
its oral administration allows to measure both intesti-
nal and hepatic CYP3A activity. The simultaneous
administration of oral and intravenous MID has been
proposed as a means to examine the contributions of
intestinal and hepatic CYP3A [4]. Finally, erythromycin
is a P-glycoprotein substrate [5], while discrepant results
have been published on MID [5, 6].
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Following oral administration, MID is oxidised to
1¢-OH midazolam (1OHMID) and 4¢-OH midazolam
(4OHMID) [1]. The validity of using MID as a
CYP3A phenotyping probe has been demonstrated in
several studies. For example, the total clearance of
MID correlated highly with hepatic CYP3A in vitro
content measured in ten liver transplant patients
(r=0.93, P<0.001) [7]. Several studies examined the
possibility of using a single blood sampling to estimate
MID clearance. One study found that a single sam-
pling of 1OHMID or 1OHMID/MID plasma ratios
(hereafter indicated as MR or metabolic ratio) cannot
predict MID clearance in healthy adults, one of the
possible reasons for this negative result being the
inclusion of some obese subjects [8]. In another study,
the plasma MR measured 30 min after an IV admin-
istration of MID correlated well with the hepatic
CYP3A content (n=17; r=0.87, P<0.001) [9]. How-
ever, data from non-induced donors (n=11) showed a
weaker correlation (r=0.55, P<0.05) [9]. However, a
study with eight healthy male volunteers receiving a
single oral dose of 7.5 mg MID, found that the 30-min
MR was highly correlated with plasma MID clearance
(r=0.89, P<0.0068) [10]. In another study with ten
healthy male individuals receiving a single oral dose
of 7.5 mg MID, a signiﬁcant correlation was found
between plasma MID clearance and the MR measured
1 h after blood intake (r=0.70, P<0.05) [11]. A
signiﬁcant correlation (r=0.67, P<0.001) has also been
found between total (unconjugated + conjugated) MR
and cyclosporin clearance, a CYP3A substrate, in 26
liver-transplant recipients [12]. Finally, a retrospective
analysis of data from 224 healthy volunteers found that
the concentrations of MID measured after an IV or
oral dose explained 80% and 91% of the constitutive
interindividual variability in MID AUC, respectively
[13].
The quantiﬁcation limit of standard analytical
methods requires the use of suﬃciently high, pharma-
cologically active doses of MID (about 2–7.5 mg) with
the major disadvantage of causing drowsiness, sedation
and even amnesic eﬀects in some subjects. Therefore,
we developed and validated a very sensitive gas
chromatography—mass spectrometry—negative chemi-
cal ionisation analytical procedure [14], which allows to
measure low levels of MID and OHMID, i.e. levels
reached after the administration of 75 lg MID (one
hundredth of the usual dose), which is not expected to
produce any central nervous eﬀects. The aim of the
present study was to determine whether such a low
dose, with the determination of the MR, could be used
as an in vivo probe to assess CYP3A activity. For this
purpose, the kinetics of oral doses of 7.5 mg and of
75 lg MID were measured in 21 healthy subjects.
Subjects were either free of drugs known as being
CYP3 inducers or inhibitors (group 1, n=13) or
received ketoconazole (group 2, n=4) or rifampicin




The study population consisted of 21 healthy volunteers
(19 Caucasian, 1 North African, 1 black African; 8 male;
mean±SD, range: age 33±9 years, 23–55 years; weight
62±10 kg, 50–78 kg) who were all free of drugs with the
exception of a subject with an oral contraceptive. The
study was approved by the ethics committee of the
University Department of Psychiatry, and all subjects
gave their written informed consent to participate in the
study. They received an indemnity of SF 600 (Swiss
francs). Subjects had normal hepatic and renal func-
tions, as assessed by standard clinical laboratory tests
(ALT, ASP, AP, GGT, urea, creatinine) and were asked
not to drink grapefruit juice at least 1 week prior to the
study, during and between the blood sampling sessions.
The use of alcohol and caﬀeine-containing beverages
was not allowed during the session.
Subjects were separated into three groups. In the
ﬁrst group (n=13), the kinetics of MID and its
metabolites were measured during two sessions,
separated by an interval of at least 1 week and at the
most 3 weeks. They received orally 7.5 mg MID in one
session and 75 lg in the other. They were randomly
assigned to start either with the 75-lg dose (seven
subjects) or the 7.5-mg dose (six subjects) for the ﬁrst
session. In a second group (n=4), the kinetics of oral
MID (75 lg) and metabolites were measured during
two sessions, separated by an interval of time of at
least 1 week and at the most 3 weeks. Two days before
the second session, and during two days, the subjects
came to the centre (to ensure compliance) in order to
take ketoconazole (200 mg b.i.d.). In a third group
(n=4), the kinetics of oral MID (75 lg) and metabo-
lites were measured during two sessions, separated by
an interval of at least 1 week and at the most 3 weeks.
Four days before the second session, the subjects came
to the centre (to ensure compliance) to take rifampicin
(450 mg q.d.). At the end of the second session, after
the last blood sampling, subjects received a ﬁfth dose of
rifampicin. The day following the second session, the
kinetics of oral 7.5 mg MID was measured.
Blood sampling
During each session, at approximately 0800 hours,
after an overnight fast, an intravenous catheter was
inserted into a forearm vein, and a blood sample was
taken into a heparinised tube (time 0). The subjects
were asked to drink 100 ml water containing either
0.075 mg or 7.5 mg MID, prepared by diluting 75 ll of
a 1-mg/ml MID solution into 100 ml of water or 1.5 ml
of a 5-mg/ml MID solution into 100 ml of water,
respectively. The subjects then drank an additional
100 ml water to rinse the glass. After ingestion of 75 lg
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of MID, blood samples were taken at 0.5, 1, 1.5, 2, 3, 4
and 6 h. After ingestion of 7.5 mg MID, supplemental
blood samples were taken at 8 h and 24 h (the catheter
was removed after the blood sampling at 8 h, the
subjects returned home but were asked to come back to
the centre for the 24-h blood sample). All blood sam-
plings were performed with subjects in the supine po-
sition. The subjects were given a breakfast and a meal,
if awake, approximately 1.5 h and 4.5 hours, respec-
tively, after ingestion of the drug. Subjects with the
standard dose of MID were asked to lie on a bed until
the sedative eﬀects of MID became inconsequential. All
subjects were asked to refrain from walking for at least
90 min. After collection, the blood samples were cen-
trifuged within 1 h, and the plasma samples stored at
)20C until analysis.
Pharmacodynamic measurements
The attention-altering eﬀects of the low and therapeutic
dose of MID on pharmacodynamics were measured at
the time of blood samplings using the Digit Symbol
Substitution Test (DSS) [15]. All volunteers were trained
to perform the test prior to the beginning of the study. In
this test, the number of digits correctly substituted for by
simple symbols in 3 min was recorded (when asleep,
subjects were scored zero).
Determinations of MID and metabolites
Determination of unconjugated MID, 1OHMID and
4OHMID, and of total 1OHMID and 4OHMID (un-
conjugated+conjugated) was performed by means of
gas chromatography—negative chemical ionisation
mass spectrometry [14]. Total concentrations were
obtained by enzymatic hydrolysis of the glucuronic
conjugates. The limits of quantiﬁcation, as deﬁned by
the concentration for which the mean value of replicate
determination (n=8) was within 20% of the actual
value, the coeﬃcient of variation less than 20%, and
which gave a signal-to-noise ratio of at least 10, were
found to be 10 pg/ml for the three substances. Intra- and
interday coeﬃcients of variation determined at three
concentrations (100 pg/ml, 500 pg/ml, 2 ng/ml) ranged
from 1% to 8% for MID, from 2% to 13% for 1OH-
MID, and from 1% to 14% for 4OHMID [14]. The
percent theoretical concentrations, which represent the
accuracy of the method, were within ±8% for MID and
1OHMID, within ±9% for 4OHMID at 500 pg/ml and
2 ng/ml, and within ±28% for 4OHMID at 100 pg/ml
[14]. No interference from ketoconazole or rifampicin
was noted during the MID assay (data not shown).
MID ratios were calculated with unconjugated and with
total concentrations separately. Ratios were then
multiplied by 325.8 and divided by 341.8 (the former and
the latter values being the molecular weights of MID
and OHMID, respectively).
Data analysis
The concentrations of unconjugated MID, 1OHMID
and 4OHMID determined after each administration
were plotted against time, both individually, and as
geometrical means and standard deviations according to
condition (dosage level, co-medication with ketoconaz-
ole or rifampicin). The individual curves were then
characterised by their peak level (Cmax), time to peak
(tmax), terminal rate constant estimated by log-linear
regression (kz), and area under the curve calculated by
log-trapezoidal rule with extrapolation to inﬁnity
(AUCinf). The terminal half-life (t1/2) was taken as ln(2)/
kz, the apparent clearance (CL¢ or CL/F) as dose/AUCinf,
and the apparent volume during the terminal phase
(Vz¢ or Vz/F) as CL¢/kz. For MID, the term ‘‘apparent’’
denotes that the estimate is the ratio of the true clearance
or volume over the oral bioavailability; for metabolites, it
was further divided by the fraction of the dose metabo-
lised along the corresponding pathway. All calculations
were performed using the non-compartmental method
implemented in the program Kinetica (version 4.0,
Innaphase, Buckinghamshire, UK). For correlation be-
tween MID ratios or MID plasma levels with MID
clearance, the latter values were those calculated during
the session with the therapeutic dose, in the group of
13 subjects without co-medications and in the four sub-
jects with rifampicin, as the terminal phase was better
characterised with this higher dose and as the aim of the
study was to validate the use of MID ratios or MID
plasma levels measured after the low dose against
pharmacokinetic parameters determined with the usual
therapeutic dose. In the group of four subjects with
ketoconazole, clearance values used for the correlations
were those calculated during the 75-lg dose session
(subjects in that group did not receive the higher dose).
Correlations were done with the Spearman test. The
parameter values obtained in the same subjects under
diﬀerent conditions were compared using Friedman
nonparametric two-way analysis of variance, while
comparisons between diﬀerent groups of subjects were
performed using Kruskall-Wallis test (Statistix version 7,
Analytical Software, Tallahassee, FL). The diﬀerences
were appreciated considering a signiﬁcance level of
P<0.05.
Results
The mean plasma concentrations of MID and its
metabolites after oral administration of 75 lg or 7.5 mg
MID are shown in Fig. 1. Pharmacokinetic parameters
of MID, 1OHMID and 4OHMID, according to dose
and co-medication with either rifampicin or ketoconaz-
ole are provided in Table 1, Table 2 and Table 3,
respectively. The pharmacokinetic proﬁle associated
with the administration of the 75-lg dose was similar
to the proﬁle observed after 7.5 mg. Both sets of con-
centration curves displayed a slightly bi-exponential
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pattern. As expected, the terminal phase was better
characterised after the higher dose, which produced
residual concentrations still measurable 24 h after
administration (not shown). This probably explains the
somewhat longer half-life values calculated under 7.5 mg
(2.2 h versus 1.7 h, n.s.), and the corresponding impact on
the estimated apparent volume of distribution (383 l
versus 276 l, P=0.005). A similar problem related to
detection limit probably also explains the longer half-life
calculated for 1OHMID after the higher dose (2 h versus
1.3 h, P=0.002), while for this metabolite it was
the apparent clearance that changed accordingly (258
l/h versus 516 l/h, P=0.0003).
The pre-treatment of rifampicin induced an impres-
sive drop of MID concentration levels, both after the
75-lg and 7.5-mg doses. Thus, for the 7.5-mg dose,
rifampicin decreased the Cmax by 89%: (2.9 ng/ml versus
26 ng/ml, P=0.003) and the AUC by 95% (3.5 h·ng/ml
versus 67 h·ng/ml, P=0.003). Rifampicin had almost
no inﬂuence on the t1/2, as observed after the high dose
(2.3 h versus 2.2 h, n.s.). The t1/2 could be reliably
determined with the high dose of MID even with rif-
ampicin, as MID was still measurable 8 h (two subjects)
or 24 h (two subjects) after MID intake. No eﬀect of
rifampicin on MID t1/2 could be reliably assessed after
the low dose, due to the detection-limit problem [MID
was already undetected 2 h (one subject), 4 h (two sub-
jects) and 6 h (one subject) after MID intake]. Rifam-
picin had a major inﬂuence on MID apparent clearance
and distribution volume, both after the high dose
(2179 l/h versus 129 l/h, P=0.003; respectively 7149 l
versus 383 l, P=0.003) and the low dose (1089 l/h versus
128 l/h, P=0.009; respectively 1101 l versus 276 l,
P=0.009). The pre-treatment by ketoconazole markedly
decreased the apparent clearance by 85% (19 l/h versus
128 l/h, P=0.003) and distribution volume by 76% (67 l
versus 276 l, P=0.003), and prolonged the t1/2 of the
marker drug (2.7 h versus 1.7 h, P=0.01).
Total MR varied only moderately over 0.5–6 h after
administration, whatever the pre-treatment condition
(Fig. 2 for the 75-lg dose after 30 min without
pretreatment: mean±SD, geometric mean, range
6.23±2.61, 5.66, 1.88–11.0). It could hardly be deter-
mined at the last plasma sampling times after adminis-
tration of the lower dose under rifampicin, due to
plasma concentrations of MID below the limit of
quantiﬁcation (Fig. 2). The MR increased markedly
under rifampicin, both for the low and the higher dose
(for the 75-lg dose after 30 min: mean±SD, geometric
mean, range 56.1±12.4, 55.5, 47.3–64.9; P<0.05). It
decreased drastically after 75 lg MID under ketoco-
nazole (for the 75-lg dose after 30 min: mean±SD,
geometric mean, range 0.79±0.39, 0.71, 0.37–1.20). The
pharmacodynamic eﬀects of 75 lg and 7.5 mg MID,
with and without ketoconazole, and with and without
rifampicin, are shown in Fig. 3. As the 75-lg dose of
MID was not tested against placebo, the true pharma-
codynamic eﬀect of this low dose cannot be assessed.
However, no particular side eﬀects, including drowsi-
ness, were reported by the subjects taking this low dose,
with or without ketoconazole. As expected, with 7.5 mg
MID, all 13 subjects slept for a variable period of time,
which resulted in signiﬁcantly lower scores of the DSS
than after the 75-lg dose (P<0.05 at times 1, 2, 3, 4 and
6 h). With 75 lg MID, the pre-administration of
ketoconazole did not result in a signiﬁcant decrease of
the scores of the DSS. Finally, with 7.5 mg MID, the
Fig. 1 Concentration proﬁle of midazolam (closed circles), 1-OH-
midazolam (open circles) and 4-OH-midazolam (open triangles)
after oral administration of 75 lg (continuous lines) or 7.5 mg
(dashed lines) midazolam in healthy volunteers without pre-
treatment (left), after rifampicin (middle) and after ketoconazole
pre-treatment (right; the 7.5-mg dose was not given with ketoco-




























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































pre-administration of rifampicin resulted in signiﬁcantly
higher scores when compared with the test with 7.5 mg
MID without rifampicin (P<0.01), but only 1 h after
the oral administration of MID.
Table 4 and Table 5 list the correlations measured
between total (conjugated and non-conjugated) MR and
MID clearance, determined after oral administration of
75 lg and 7.5 mg MID, respectively, at various time
points, in the group of subjects with or without pre-
treatment. Thus, 30 min after oral administration of
the low dose, a good correlation (r2=0.64, P<0.001)





















































































































































































































































































































































































































































































































































































































































Fig. 2 Total (unconjugated + conjugated) 1-OH midazolam/
midazolam ratios in function of time after oral administration of
75 lg (open symbols, continuous lines) or 7.5 mg (closed symbols,
dashed lines) midazolam in healthy volunteers without pre-
treatment (circles), after rifampicin (triangles) and after ketoco-
nazole pre-treatment (squares; the 7.5-mg dose was not given with
ketoconazole). Geometric means and standard deviations are
shown
Fig. 3 Results of the Digit Symbol Substitution (DSS) test as a
function of time after oral administration of 75 lg (open symbols,
continuous lines) or 7.5 mg (closed symbols, dashed lines) midazolam
in healthy volunteers without pre-treatment (circles), after rifam-
picin (triangles) and after ketoconazole pre-treatment (squares; the
7.5-mg dose was not given with ketoconazole). Means and standard
deviations are shown (for clarity, only selected standard deviations
bars are represented)
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co-medication, while excellent correlations were calcu-
lated when including subjects with induced and/or
inhibited CYP3A (r2=0.91, P<0.0001 for 13 subjects
without co-medication + 4 subjects with ketoconazole
+ 4 subjects with rifampicin; Table 4). Although being
signiﬁcant when using total MR calculated after
administration of the higher dose of MID (Table 5), the
correlations with MID clearance were lower under
administration of the lower dose. Interestingly, both
after 75 lg and after 7.5 mg MID, much lower correla-
tions were obtained between MID clearance and MR
calculated with unconjugated concentrations of 1OH-
MID. Signiﬁcant correlations were thus observed only
when including subjects with inhibited and/or induced
CYP3A activity, but not when including subjects without
co-medication, and that at all times (data not shown).
We also tried to determine whether MID plasma
levels, determined at various times after administration
of the low and higher dose of MID, can be used to assess
MID clearance (Table 6 and Table 7). It can be seen
Table 4 Spearman correlation coeﬃcients between total 1-OH midazolam/midazolam ratios (determined after oral administration of
75 lg midazolam), and midazolam clearance at various time points and with diﬀerent groups of subjects
0.5 h 1 h 1.5 h 2 h 3 h 4 h 6 h
Subjects without co-medication (n=13)
Spearman correlation 0.80 0.76 0.54 0.68 0.57 0.25 0.46
Coeﬃcient of determination (r2) 0.64 0.58 0.30 0.46 0.32 0.06 0.21
P level <0.001 <0.005 NS (P=0.055) <0.05 <0.05 NS NS
Subjects without co-medication (n=13)
+ subjects with ketoconazole (n=4)
Spearman correlation 0.91 0.89 0.80 0.86 0.80 0.66 0.70
Coeﬃcient of determination (r2) 0.83 0.80 0.63 0.73 0.65 0.44 0.50
P level <0.0001 <0.0001 <0.0005 <0.0001 <0.0005 <0.005 <0.005
Subjects without co-medication (n=13)
+ subjects with rifampicin (n=4)
Spearman correlation 0.91 0.88 0.75 0.82 0.71 0.51 0.46
Coeﬃcient of determination (r2) 0.83 0.77 0.56 0.67 0.51 0.26 0.21
P level <0.0001 <0.0001 <0.001 <0.0005 <0.005 NS (P=0.051) NS
Subjects without co-medication (n=13)
+ subjects with ketoconazole (n=4)
+ subjects with rifampicin (n=4)
Spearman correlation 0.95 0.94 0.87 0.91 0.86 0.76 0.70
Coeﬃcient of determination (r2) 0.91 0.87 0.76 0.82 0.74 0.57 0.50
P level <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0005 <0.005
Table 5 Spearman correlation coeﬃcients between total 1-OH midazolam/midazolam ratios (determined after oral administration of
7.5 mg midazolam) and midazolam clearance at various time points and with diﬀerent groups of subjects
0.5 h 1 h 1.5 h 2 h 3 h 4 h 6 h
Subjects without co-medication (n=13)
Spearman correlation 0.51 0.64 0.63 0.37 0.21 0.29 0.60
Coeﬃcient of determination (r2) 0.26 0.41 0.40 0.14 0.04 0.09 0.35
P level NS (P=0.07) <0.05 <0.05 NS NS NS NS
Subjects without co-medication (n=13)
+ subjects with ketoconazole (n=4)
Spearman correlation 0.78 0.84 0.84 0.72 0.64 0.71 0.87
Coeﬃcient of determination (r2) 0.61 0.71 0.71 0.51 0.42 0.51 0.76
P level <0.0005 <0.0001 <0.0001 <0.005 <0.01 <0.005 <0.0005
Subjects without co-medications (n=13)
+ subjects with rifampicin (n=4)
Spearman correlation 0.78 0.82 0.80 0.65 0.48 0.57 0.60
Coeﬃcient of determination (r2) 0.61 0.68 0.64 0.42 0.23 0.32 0.35
P level <0.0005 <0.0001 <0.0005 <0.01 NS (P=0.07) <0.05 NS
Subjects without co-medication (n=13)
+ subjects with ketoconazole (n=4)
+ subjects with rifampicin (n=4)
Spearman correlation 0.88 0.91 0.90 0.82 0.74 0.80 0.87
Coeﬃcient of determination (r2) 0.78 0.82 0.81 0.67 0.55 0.64 0.76
P level <0.0001 <0.0001 <0.0001 <0.0001 <0.0005 <0.0005 <0.0005
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that, after both doses, excellent correlations were ob-
served between 1.5 h and 4 h for the low doses (r be-
tween )0.81 and )0.85) and between 1.5 h and 6 h for
the higher dose (r between )0.87 and )0.96), in the
subjects without co-medication. As expected, better
correlations were also observed when including the
subjects with ketoconazole and/or rifampicin.
Discussion
The aim of the present study was to determine whether
MID ratios or MID concentrations measured after the
administration of a low dose of MID (75 lg) can be used
to assess CYP3A activity. MID ratios and MID
concentrations measured after the administration of the
low dose were thus correlated with clearance of MID
determined after administration of the therapeutic dose
(7.5 mg) in 13 healthy subjects. Both doses of MID
produced fairly similar pharmacokinetic proﬁles and,
although pharmacokinetic parameters could be
quantiﬁed more accurately with the 7.5-mg dose, they
were also calculated for the 75-lg dose.
To assess whether the 75-lg dose can also be used to
reﬂect intra-individual changes of CYP3A activity, the
pharmacokinetic proﬁle of 75 lg MID was determined
in two groups of four subjects, before and after a
pre-treatment with rifampicin and ketoconazole.
Rifampicin is a strong CYP3A inducer, which has
previously been shown to markedly decrease the blood
concentrations and/or pharmacodynamic eﬀects of
several drugs metabolised by CYP3A, such as MID [16],
alprazolam [17], zolpidem [18], buspirone [19], triazolam
[20] or zopiclone [21]. Ketoconazole is a strong CYP3A
inhibitor which has been shown to increase the blood
concentrations and/or pharmacodynamic eﬀects of
several drugs metabolised by CYP3A, such as MID [22],
triazolam [23, 24] or alprazolam [24].
The pre-treatment by rifampicin had a major inﬂu-
ence on its apparent clearance and distribution volume.
Table 6 Spearman correlation coeﬃcients between midazolam plasma levels (determined after oral administration of 75 lg midazolam)
and midazolam clearance at various time points and with diﬀerent groups of subjects
0.5 h 1 h 1.5 h 2 h 3 h 4 h 6 h
Subjects without co-medication (n=13)
Spearman correlation 0.12 )0.66 )0.85 )0.81 )0. 83 )0.83 )0.63
Coeﬃcient of determination (r2) 0.01 0.43 0.73 0.66 0.69 0.68 0.40
P level NS <0.05 <0.0005 <0.001 <0.0005 <0.005 NS
Subjects without co-medication (n=13)
+ subjects with ketoconazole (n=4)
Spearman correlation )0.50 )0.84 )0.93 )0.91 )0.92 )0.93 )0.91
Coeﬃcient of determination (r2) 0.25 0.70 0.86 0.84 0.85 0.86 0.82
P level <0.05 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0005
Subjects without co-medication (n=13)
+ subjects with rifampicin (n=4)
Spearman correlation )0.27 )0.77 )0.90 )0.87 )0.83 )0.83 )0.63
Coeﬃcient of determination (r2) 0.07 0.59 0.82 0.76 0.69 0.68 0.40
P level NS <0.001 <0.0001 <0.0001 <0.0005 <0.005 NS
Subjects without co-medications (n=13)
+ subjects with ketoconazole (n=4)
+ subjects with rifampicine (n=4)
Spearman correlation )0.64 )0.88 )0.95 )0.94 )0.92 )0.93 )0.91
Coeﬃcient of determination (r2) 0.41 0.77 0.90 0.88 0.85 0.86 0.82
P level <0.005 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0005
Table 7 Spearman correlation coeﬃcients between midazolam plasma levels (determined after oral administration of 7.5 mg midazolam)
and midazolam clearance at various time points and with diﬀerent groups of subjects
0.5 h 1 h 1.5 h 2 h 3 h 4 h 6 h
Subjects without co-medication (n=13)
Spearman correlation )0.08 )0.51 )0.87 )0.91 )0.87 )0.96 )0.86
Coeﬃcient of determination (r2) 0.01 0.26 0.75 0.83 0.76 0.91 0.74
P level NS NS (P=0.07) <0.0005 <0.0001 <0.0001 <0.0001 <0.0005
Subjects without co-medication (n=13)
+ subjects with rifampicin (n=4)
Spearman correlation )0.59 )0.76 )0.93 )0.94 )0.91 )0.96 0.11
Coeﬃcient of determination (r2) 0.35 0.58 0.86 0.89 0.84 0.93 0.01
P level <0.05 <0.0005 <0.0001 <0.0001 <0.0001 <0.0001 NS
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This is ﬁrst explained by a pronounced negative eﬀect on
MID bioavailability, which increases the denominator of
the apparent value of both those parameters. Rifampicin
increases CYP3A4 activity both in the liver and in the
bowel wall [16]. The absence of change in MID terminal
t1/2 with the therapeutic dose in response to rifampicin
cannot be explained by a too-short period during which
MID was quantiﬁed. On the contrary, the early dispo-
sition of MID was characterised by a steeper slope after
rifampicin pretreatment; this observation is in line with
authors having reported a shortening of MID t1/2 under
rifampicin (from 3.1 h to 1.3 h), using a less sensitive
assay and a shorter period of blood collection [16]. In
the present study, the slope of the terminal part of the
disposition curve was not signiﬁcantly inﬂuenced by
rifampicin. One could imagine that this late phase re-
ﬂects a slow redistribution of MID from a deep com-
partment. It must also be mentioned that a higher dose
of rifampicin (600 mg/day) was used in the previous [16]
than in the present study (450 mg/day). Changes ob-
served in the apparent pharmacokinetic parameters of
1OHMID and 4OHMID are more diﬃcult to interpret.
These values are under the dependence of the oral bio-
availability, but they also reﬂect changes induced by
rifampicin in the metabolic fraction corresponding to
the respective pathway. This is illustrated by the
important increase in the plasma ratio of 1OHMID over
MID.
The eﬀect of ketoconazole on MID kinetics was op-
posed to that of rifampicin as reported in a previous
study [22]. The decrease of the apparent clearance and
distribution volume is mainly mediated by an increase of
MID bioavailability. As the relative decrease in appar-
ent distribution volume was less than in apparent
clearance, this suggests an alteration of the true clear-
ance in addition to the eﬀect on bioavailability. The
prolongation of MID t1/2 by ketoconazole observed in
the present study is also in agreement with previously
published results [22]. However, a much stronger
increase (5.5-fold increase versus 1.6-fold) was found in
the latter study [22], which could tentatively be explained
by a longer blood sampling period (24 h). The t1/2 of
1OHMID and 4OHMID appeared prolonged too, but
this is probably an indirect eﬀect, the disposition of these
metabolites being driven by their production.
The present study shows that the 30 min MR can be
reliably used as an indicator of MID clearance and, thus,
of CYP3A activity. In the group of 13 subjects with non-
induced and non-inhibited CYP3A activity, the MR
accounts for 64% of the variability of MID clearance. In
the group of 17 subjects including either four subjects
with induced or four subjects with reduced CYP3A4
activity, the MR accounts for 83% of its variability,
while in the group of 21 subjects, including four subjects
with induced and four subjects with reduced CYP3A
activity, the 30-min MR accounts for 91% of its
variability. This result conﬁrms those of previously
published studies, although in the latter only the higher
dose of MID was used [7, 9, 10, 11, 12]. In fact,
unexpectedly, better correlations were obtained with the
lower than with the higher dose, which however needs to
be conﬁrmed by other studies. The present study also
shows that MR calculated with total concentrations
(unconjugated + conjugated) is a better indicator of
CYP3A activity than MR calculated with unconjugated
concentrations. This result can most probably be ex-
plained by the fact that the use of total concentrations,
determined after enzymatic hydrolysis of the glucuronic
conjugates, allows removal of the interindividual vari-
ability of glucuroconjugation from the MR [9].
The present study also shows that MID plasma
levels can be used as an indicator of MID presystemic
metabolism, after both the lower and higher doses.
However, only values measured from 90 min up to 4–
6 h can be used reliably. This result is in agreement
with those of another study that attempted to validate
the use of alprazolam as a CYP3A test probe, and that
found excellent correlations between alprazolam plas-
ma concentrations measured 6, 8, 10 and 24 h after
oral administration of a therapeutic dose of alprazolam
(i.e. 1 mg) and AUC of this drug [17]. It is also in
agreement with those of a recent retrospective study
suggesting that, following an IV or oral MID admin-
istration, the optimal single sampling time to predict
AUC was between 3 h and 4 h [13]. The question arises
whether only intestinal or both intestinal and hepatic
CYP3A are assessed by the use of such a low dose of
MID; the fact that good correlations are observed
between MID clearance measured after the 7.5-mg dose
and the 30-min MR or the MID plasma levels measured
after the 75-lg dose is an argument supporting the latter
hypothesis.
In summary, the present study shows that a low oral
dose of MID (75 lg) can be reliably used to assess
CYP3A activity. This can be performed either by the
determination of the 30-min MR calculated with total
(unconjugated + conjugated) concentrations or by
measuring MID plasma levels between 1.5 h and 4 h
after oral intake. Due to the lack of central nervous
system side eﬀects induced by this low dose, even in
subjects with a low CYP3A activity, and due to its short
duration (in particular when using the MR), this test can
easily be used for large-scale phenotyping tests.
Acknowledgements The authors thank Mrs V. Sari and Mrs C.
Bertschi for editorial assistance, Mrs E. Ponce, Mrs J. Rosselet, and
Mrs M. Gobin for bibliographic help. This work was supported in
part by the Swiss National Research Foundation (project 3200–
065427.01). This work was supported in part by the Swiss National
Research Foundation (project 3200–065427.01).
References
1. Wrighton SA, Thummel KE (2000) CYP3A. In: Levy RH,
Thummel KE, Trager WF, Hansten PD, Eichelbaum M (eds)
Metabolic drug interactions. Lippincott Williams & Wilkins,
Philadelphia, pp 115–133
2. Watkins PB (1994) Noninvasive tests of CYP3A enzymes.
Pharmacogenetics 4:171–184
245
3. Streetman DS, Bertino JS, Jr., Nafziger AN (2000) Phenotyp-
ing of drug-metabolizing enzymes in adults: a review of in-vivo
cytochrome P450 phenotyping probes. Pharmacogenetics
10:187–216
4. Gorski JC, Jones DR, Haehner-Daniels BD, Hamman MA,
O’Mara EM, Hall SD (1998) The contribution of intestinal and
hepatic CYP3A to the interaction between midazolam and
clarithromycin. Clin Pharmacol Ther 64:133–143
5. Kim RB, Wandel C, Leake B, Cvetkovic M, Fromm MF,
Dempsey PJ, Roden MM, Belas F, Chaudhary AK, Roden
DM, Wood AJJ, Wilkinson GR (1999) Interrelationship
between substrates and inhibitors of human CYP3A and
P-glycoprotein. Pharm Res 16:408–414
6. Tolle-Sander S, Rautio J, Wring S, Polli JW, Polli JE (2003)
Midazolam exhibits characteristics of a highly permeable
P-glycoprotein substrate. Pharm Res 20:757–764
7. Thummel KE, Shen DD, Podoll TD, Kunze KL, Trager WF,
Hartwell PS, Raisys VA, Marsh CL, McVicar JP, Barr DM,
Perkins JD, Carithers RL Jr (1994) Use of midazolam as a
human cytochrome P450 3A probe: I. in vitro-in vivo correla-
tions in liver transplant patients. J Pharmacol Exp Ther
271:549–556
8. Rogers JF, Nafziger AN, Kashuba AD, Streetman DS, Rocci
ML, Jr., Choo EF, Wilkinson GR, Bertino JS, Jr (2002) Single
plasma concentrations of 1¢-hydroxymidazolam or the ratio of
1¢-hydroxymidazolam:midazolam do not predict midazolam
clearance in healthy subjects. J Clin Pharmacol 42:1079–1082
9. Thummel KE, Shen DD, Podoll TD, Kunze KL, Trager WF,
Bacchi CE, Marsh CL, Vicar J.P., Barr CL, Perkins JD (1994)
Use of midazolam as a human cytochrome P450 3A probe: II.
characterization of inter- and intraindividual hepatic CYP3A
variability after liver transplantation. J Pharmacol Exp Ther
271:557–566
10. Carrillo JA, Ramos SI, Agu´ndez JAG, Martinez C, Benitez J
(1998) Analysis of midazolam and metabolites in plasma by
high-performance liquid chromatography: probe of CYP3A.
Ther Drug Monit 20:319–324
11. Zhu B, Ou-Yang DS, Cheng ZN, Huang SL, Zhou HH (2001)
Single plasma sampling to predict oral clearance of CYP3A
probe midazolam. Acta Pharmacol Sin 22:634–638
12. Villeneuve JP, L’Ecuyer L, De Maeght S, Bannon P (2000)
Prediction of cyclosporine clearance in liver transplant recipi-
ents by the use of midazolam as a cytochrome P450 3A probe.
Clin Pharmacol Ther 67:242–248
13. Lin YS, Lockwood GF, Graham MA, Brian WR, Loi CM,
Dobrinska MR, Shen DD, Watkins PB, Wilkinson GR,
Kharasch ED, Thummel KE (2001) In-vivo phenotyping for
CYP3A by a single-point determination of midazolam plasma
concentration. Pharmacogenetics 11:781–791
14. Eap CB, Bouchoux G, Powell Golay K, Baumann P (2004)
Determination of picogram levels of midazolam, and 1-and
4-hydroxymidazolam in human plasma by gas chromatogra-
phy-negative chemical ionization-mass spectrometry. J Chro-
matogr B 802:339–345
15. Stone BM (1984) Pencil and paper tests—sensitivity to psy-
chotropic drugs. Br J Clin Pharmacol 15:15S–20S
16. Backman JT, Olkkola KT, Neuvonen PJ (1996) Rifampin
drastically reduced plasma concentrations and eﬀects of oral
midazolam. Clin Pharmacol Ther 59:7–13
17. Schmider J, Brockmo¨ller J, Arold G, Bauer S, Roots I (1999)
Simultaneous assessment of CYP3A4 and CYP1A2 activity in
vivo with alprazolam and caﬀeine. Pharmacogenetics 9:725–
734
18. Villikka K, Kivisto¨ KT, Luurila H, Neuvonen PJ (1997)
Rifampin reduces plasma concentrations and eﬀects of zolpi-
dem. Clin Pharmacol Ther 62:629–634
19. Lamberg TS, Kivisto¨ KT, Neuvonen PJ (1997) Rifampicin
greatly reduces plasma concentrations and eﬀects of buspirone.
Eur J Clin Pharmacol 52[Suppl]:A136–A136
20. Villikka K, Kivisto¨ KT, Backman JT, Olkkola KT, Neuvonen
PJ (1997) Triazolam is ineﬀective in patients taking rifampin.
Clin Pharmacol Ther 61:8–14
21. Villikka K, Kivisto¨ KT, Lamberg TS, Kantola T, Neuvonen PJ
(1997) Concentrations and eﬀects of zopiclone are greatly re-
duced by rifampicin. Br J Clin Pharmacol 43:471–474
22. Tsunoda SM, Velez RL, von Moltke LL, Greenblatt DJ (1999)
Diﬀerentiation of intestinal and hepatic cytochrome P450 3A
activity with use of midazolam as an in vivo probe: eﬀect of
ketoconazole. Clin Pharmacol Ther 66:461–471
23. Varhe A, Olkkola KT, Neuvonen PJ (1994) Oral triazolam is
potentially hazardous to patients receiving systemic antimy-
cotics ketoconazole or itraconazole. Clin Pharmacol Ther
56:601–607
24. Greenblatt DJ, Wright CE, von Moltke LL, Harmatz JS, Eh-
renberg BL, Harrel LM, Corbett K, Counihan M, Tobias S,
Shader RI (1998) Ketoconazole inhibition of triazolam and
alprazolam clearance: diﬀerential kinetic and dynamic conse-
quences. Clin Pharmacol Ther 64:237–247
246
